We observed and made unambiguous distinctions between abrupt photophysical events of single molecules: a rotational jump of a single dipole, a transition to a dark state (reversible and irreversible photobleaching), and a spectral jump. The study was performed in the far field by modulating the excitation polarization and monitoring the fluorescence in time. This technique also allowed us to measure the in-plane dipole orientation of stationary single molecular dipoles with subdegree accuracy and to resolve desorption and readsorption of fluorophores from and onto a glass surface. In one case, clear evidence was obtained for rapid rotation of the dipole after a desorption process. [S0031-9007(96) 
Recent advances in single molecule imaging and spectroscopy have made it possible to investigate individual molecular properties at ambient conditions. Diffusing single molecules have been detected in water streams [1] , water drop [2] , and fluid lipid membranes [3] . Immobilized molecules have been detected and imaged with the near-field scanning optical microscope (NSOM) [4] [5] [6] [7] [8] [9] and in the far field both by confocal microscopy [10] and wide-field microscopy [11] [12] [13] . Moreover, single molecule emission spectra [5, 14] , excitation spectra [15] , lifetime [6] [7] [8] [9] [10] and resonance energy transfer between two single molecules [14] have been measured.
Possibilities for utilizing single molecule imaging and spectroscopy to biological applications have been demonstrated [11] [12] [13] 16, 17] . Before such applications can be realized, single fluorophore dynamics has to be characterized under the appropriate conditions. In this paper, we present a convenient method both for monitoring dynamical events with good time resolution and for distinguishing among different phenomena in the emission of single fluorophores.
Güttler et al. used polarization modulation in excitation spectroscopy of pentacene molecules in p-terphenyl [18] . Xie et al. modulated the polarization between two discrete values (0 ± and 90 ± ) to rule out dipole rotation as the origin of abrupt emission jumps in sulforhodamine 101 adsorbed on glass [6] . In this work, we excite single molecules in the far field with linearly polarized light which is continuously modulated, on a millisecond time scale, in polarization angle. The fluorescence of the molecules is then detected in time. We measured the in-plane component of a single dipole with great accuracy, and distinguished between spectral jumps, transitions to dark states, and orientational effects. In particular, we used the technique to study dipole rotation of fluorophores linked to a short single strand DNA (ssDNA) molecule which was attached to a silanized glass surface. We resolved desorption and readsorption of fluorophores from and onto the surface, resulting in rotational jumps.
A 514 nm laser beam was introduced through the epiillumination path of a fluorescence microscope and the polarization was modulated with an electro-optic modulator. The resulting linear polarization (modulated in time) at the sample plane was better than 100 to 1. The detection scheme is described elsewhere [14] . A 10 nM buffer solution of Texas Red (TR) or tetramethylrhodamine (TMR) molecules, covalently bound to ssDNA molecules (20 base pairs long), was prepared [14] . 1 mL of the solution was spread on HF cleaned and aminopropylsilane treated glass coverslip and then immediately washed with water to remove the remaining salt. The resulting areal concentration of fluorescent molecules was less than 0.5͞mm 2 . Figure 1 (a) shows an emission time trace (solid line) from a single TR-DNA molecule while the excitation polarization is repeatedly modulated from 0 ± to 90 ± (dotted line). The intensity of the emission signal F͑t͒ is proportional to the absorption, which, according to the dipole approximation, is F͑t͒~j m ? E͑t͒j 2 where m is the molecular transition dipole and E͑t͒ is the laser field. The data acquired at each polarization sweep can therefore be fit with a cos 2 ͑x 2 b͒ 1 c, where x is the polarization angle, a is the signal intensity, b is the in-plane dipole 0031-9007͞96͞77(19)͞3979(4)$10.00 angle, and c is the background. We found that fitting parameters to individual consecutive sweeps varied very little, indicating a fixed orientation of the dipole. To improve the accuracy, the fitting was done on an average of the first four periods [black triangles in Fig. 1(b) ]. In the fifth period, the molecule photobleached. A best fit to the data is shown in solid gray line.
From the fit, we can extract the in-plane component of the dipole orientation with an accuracy of 0.2 ± . The accuracy varies from molecule to molecule. It depends on signal level (which depends on dipole orientation and spectral peak position). Other noise sources, such as spectral jumps, long dark states, and to a lesser extent short dark states [19] , can limit the accuracy as well. Longer dark states and spectral jumps can strongly affect dipole orientation measurements if they occur on a time scale shorter than the full modulation period. In spite of the possible noise sources, emission from molecules with stationary dipoles could be fit with very good accuracy, due to the utilization of phase sensitive detection. Similar measurements were made on over 200 individual TR or TMR molecules. Most (over 97%) of the molecules showed stationary dipoles. Figure 2 (a) further supports this claim. It shows an emission time trace of a TMR molecule (solid line) which undergoes a transition to a dark state. The molecule stopped emitting light from 5.7 to 8 s in the scan [7] . The averages of the first 4 modulation periods before and the last 4 periods after the dark state are plotted in insets 3(b) and 3(c), respectively, along with curve fits. The data clearly demonstrate that the phase of the modulated signal is the same before (b 242.8 ± 6 0.8 ± ) and after (b 241.3 ± 6 0.8 ± ) the transition to the dark state. This shows that the dark period does not originate from a rotation, but from a transition to a nonemitting state or a large spectral jump. Figure 3 is an example for a spectral jump, which can unambiguously be distinguished from dipole rota- tion. The emission of a single TR molecule was separated by a dichroic mirror (l cutoff 600 nm) and was simultaneously monitored in two channels while the excitation polarization was modulated. Figure 3(a) shows the two time traces, starting at scan #15. The signals on both channels were fit as in Fig. 1 for each modulation period. In Fig. 3(b) , the ratio a short ͞a long (solid line, filled circles) is plotted as a function of the modulation period number. The phases of both signals, for each period, b long and b short , are plotted in black squares and gray triangles, respectively. In scan #24, the total emission from the molecule is increased threefold and the amplitude ratio is abruptly changed from 0.2 to 0.5, with no apparent change in the phase (and hence, no rotation). In general, a change in the counts ratio can come either from spectral changes or from reorientation of the dipole moment (see Fig. 5 below) . This latter case is due to the strong polarization dependence of the dichroic mirror. While spectral jumps exhibit only a change in the relative intensity between the two channels, dipole reorientation exhibits a change in the phase of the modulated signal as well, as shown below, in Fig. 4 . Therefore, the modulation technique can distinguish between spectral jumps and orientational effects. Since the dipole in Fig. 3 did not rotate, the data can only be explained by a spectral jump toward the blue. The inset of Fig. 3(b) illustrates the relative alignment of the absorption and emission lines before and after the spectral jump, the excitation laser wavelength, and the dichroic cutoff. The threefold increase in the total signal is due to the blueshift in absorption, which increases the absorption at the excitation wavelength, and hence the total emission. As the emission also blueshifts, the intensity in the short-wavelength channel increases more than in the long-wavelength channel, and therefore increases the ratio a short ͞a long . Moreover, by fully characterizing the response of the dichroic mirror for the typical emission spectrum of a single TR molecule, we could model and predict the ratio change for spectral jumps and/or dipole reorientation. This model allowed us to extract the peak position of the emission spectrum from the measured absorption dipole orientation and from the measured ratio between the two channels (here we assume that the absorption dipole and the emission dipole are closely aligned). By using this model for the data shown in Fig. 3 , it was possible to conclude that the peak position of the emission spectrum jumped from 633 to 623 nm.
Out of more than 200 molecules examined, 5 molecules displayed rotational jumps that changed the dipole orientation. Figure 4(a) shows an emission time trace of a TR-DNA molecule, measured with a single detector. For the first 4 polarization scans, the dipole orientation is static. In the fifth scan, there is an interruption in the molecular emission. After the interruption, the emission signal resumes its initial value, but the phase changed. It was found that after the interruption, the molecule changed its in-plane orientation by 7.5 ± 6 0.4 ± . Because the peak intensity remained the same, we deduce that the out-ofplane dipole component did not change.
Similar to Fig. 4 , all observed rotational jumps followed a transition period in the molecular emission (0.1 to 1.3 s long) that showed up as an interruption in the well behaved series of sinusoidal curves. The data shown in Fig. 5(a) was acquired with the two-color detection scheme, as in Fig. 3 . The sum of the counts on the short-and long-wavelength channels from another TR-DNA molecule is shown (solid line, bottom curve). The molecular emission exhibits a sinusoidal signal in time, which is interrupted 3 times. The three transition periods (labeled "1," "2," and "3" in the figure) are characterized by noisy and unmodulated molecular emission. In these periods, the molecule has no stationary dipole. The signal in the stationary periods was fit and the dipole angle was extracted (noted in the figure). A change in dipole orientation followed each interruption in the emission. Also shown in Fig. 5(a) is the ratio between the two channels' counts (filled circles, top curve). For the stationary dipole periods, the ratio is fixed and featureless.
A likely explanation for the nature of the transition periods in Figs. 4 and 5 is desorption of the fluorophore from and readsorption to the surface (see insets in Fig. 4 ). The treatment of the glass surface ensures the binding of the DNA. The fluorophore, linked to the DNA through a flexible 6-carbon chain, is most likely bound flat to the surface (near-field imaging of identically prepared samples revealed no z component of the dipole). However, if the fluorophore is only loosely bound to the surface, it can desorb from the surface and rapidly rotate along the linker, before it is readsorbed at another site with different orientation. The desorption process might be thermally activated, if the binding energy to the surface FIG . 5. (a) The ratio and sum of two channel counts from a single TR-DNA that shows multiple rotational jumps. The transition periods of three rotational jumps are marked with 1,2,3. Modulation was done from 281 ± to 81 ± where 0 ± is when the excitation was s polarized with respect to the dichroic beam splitter. ( b) Zoom-in to the boxed area in (a). Solid line is the fit under the assumption that the molecule rotates freely during the transition period.
is comparable to k B T, or may be the result of a light induced process (such as conformational change of the molecule). The mechanism for desorption will be the subject of future investigations. When the fluorophore is free to rapidly rotate and sample many solid angles, the emission intensity is reduced, as clearly shown. A strong support for this model is obtained from the rich dynamics observed in the ratio signal during the transition periods. During transition period "2" [zoom-in in Fig. 5(b) ], the ratio displays a clear modulation with the same period as the excitation polarization. Barring the unlikely possibility of spectral jumps exactly in phase with the excitation polarization, these data give evidence for rapid and free rotation of the fluorophore during the transition period. Free rotation on a time scale faster than the integration time (10 ms) but slower than radiative lifetime (ഠns) will result in partially polarized emission along the excitation polarization. Because of the polarization dependence of the dichroic mirror, the ratio signal between the two channels will follow the excitation polarization, and hence will be modulated with the same modulation period. Using the same model as in Fig. 3 , and assuming full random rotation over all angles, the data in Fig. 5(b) were fit with a single fitting parameterthe spectral peak position, and the spectral peak position was determined to be 600 nm. Deviations from the fit are probably due to spectral jumps or hindered motions resulting from brief visits to loosely bound sites within the transition period.
